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Abstract
The cytoplasmic domain of band 3, the main intrinsic protein of the erythrocyte membrane, possesses binding sites for a
variety of other proteins of the membrane and the cytoplasm, including the glycolytic enzymes glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and aldolase. We have studied the stoichiometry of the complexes of human band 3 protein and
GAPDH and the competition by aldolase for the binding sites. In addition, we have tried to verify the existence of mixed
band 3/GAPDH/aldolase complexes, which could represent the nucleus of a putative glycolytic multienzyme complex on the
erythrocyte membrane. The technique applied was analytical ultracentrifugation, in particular sedimentation equilibrium
analysis, on mixtures of detergent-solubilized band 3 and dye-labelled GAPDH, in part of the experiments supplemented by
aldolase. The results obtained were analogous to those reported for the binding of hemoglobin, aldolase and band 4.1 to
band 3: (1) the predominant or even sole band 3 oligomer forming the binding site is the tetramer. (2) The band 3 tetramer
can bind up to four tetramers of GAPDH. (3) The band 3/GAPDH complexes are unstable. (4) Artificially stabilized band 3
dimers also represent GAPDH binding sites. In addition it was found that aldolase competes with GAPDH for binding to the
band 3 tetramer, and that ternary complexes of band 3 tetramers, GAPDH and aldolase do exist. ß 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction
The cytoplasmic domain of the anion exchanger of
the erythrocyte membrane, band 3, represents a bind-
ing site for a variety of other proteins of the eryth-
rocyte membrane and the cytoplasm. Among those
are ankyrin (band 2.1), bands 4.1 and 4.2, hemoglo-
bin, and the glycolytic enzymes aldolase (D-fructose-
1,6-biphosphate D-glyceraldehyde-3-phosphate-lyase,
EC 4.1.2.13), D-glyceraldehyde-3-phosphate dehydro-
genase (GAPDH, EC 1.2.1.12) and phosphofructoki-
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Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehy-
drogenase; C12E9, nonaethyleneglycol lauryl ether; FITC, £uo-
rescein-5-isothiocyanate; FITC^GAPDH, GAPDH covalently la-
belled by incubation with FITC; Meff , e¡ective molar mass
(M(13vbo)) ; Mc, molar mass of a heterologous complex of
band 3; Mceff , e¡ective molar complex mass
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nase. These associations have been extensively
studied; for reviews see [1^3].
One of the interesting aspects of the band 3/ligand
associations listed above is the relationship between
ligand binding and the quaternary structure of the
band 3 protein. This aspect goes back to the ¢ndings
that, both in the erythrocyte membrane and after
solubilization by mild detergents, band 3 is present
as a mixture of di¡erent oligomers: dimers and tet-
ramers were detected by a variety of di¡erent tech-
niques [3,4], and the presence of monomers, in equi-
librium with the dimers and tetramers, was deduced
from studies on the solubilized protein [5^7]. The
latter results have frequently been challenged [8^10]
but were supported, at least in part, by more recent
work [11,12]. The heterogeneity of the oligomeric
state of band 3 immediately leads to the question
for the role of the di¡erent oligomers in ligand bind-
ing. Our group has been engaged in investigating this
problem at length. The method used was sedimenta-
tion equilibrium analysis, in an analytical ultracen-
trifuge, of the detergent-solubilized band 3 protein
plus the respective dye-labelled ligand protein. We
have found that, with all ligands studied, the band
3 tetramer is the sole or at least the by far predom-
inating ligand binding site: with ankyrin [13,14], he-
moglobin [15], aldolase [16], and band 4.1 [17]. In
addition, we found that the band 3 tetramer can
bind up to four of the respective ligand proteins
[15^18], with the exception of ankyrin for which
only one binding site exists ([19] and Doelle, F.,
Mayer, G. and Schubert, D., manuscript in prepara-
tion). We have also demonstrated the existence of a
ternary complex of the band 3 tetramer, one ankyrin
molecule and one to four aldolase tetramers [19]. In
the present paper, we have extended our studies to
the associations of band 3 with GAPDH.
The signi¢cance of the band 3/GAPDH associa-
tion (as well as that of the association of band 3
with the other glycolytic enzymes) has been disputed
for many years. There was ample proof that it ex-
isted at ionic strengths far below the physiological
range, and many details of it were carefully investi-
gated (see, e.g., [1,20^25]). On the other hand, its
relevance for the situation in vivo was repeatedly
questioned [26^30]. The criticism was based on the
¢nding that, in equilibrium binding studies in vitro,
no binding was observed at ionic strengths around
150 mM and pH values above 7.0. Other experi-
ments, however, seemed to support the existence of
the band 3/GAPDH association in vivo [22,31,32].
More recent results by Rogalski et al., applying im-
munolabelling of ¢xed, intact human erythrocytes
[33], apparently have settled the question in favor
of the biological relevance of the association.
The binding sites for GAPDH and for other ligand
proteins of band 3, including aldolase, di¡er at least
in part [1,23,24,34^36]. We therefore found it worth-
while to study, by the same methodology as before
[15^17,37], the stoichiometry also of the band
3/GAPDH association. The main emphasis of the
present study is, however, on the investigation of
the mixed band 3/GAPDH/aldolase system, with
the primary aim of ¢nding out whether ternary com-
plexes of the three proteins do exist. This aspect is of
basic importance in any discussion of the possible
existence and physiological role of a glycolytic en-
zyme complex associated with the human erythrocyte
membrane [1,3,38^41].
2. Materials and methods
2.1. Materials
Band 3 protein from human erythrocytes was solu-
bilized and puri¢ed applying the non-ionic detergent
nonaethyleneglycol lauryl ether (C12E9) (‘Thesit’) as
described earlier [6,17]. Transfer into the bu¡er used
during ultracentrifugation was performed in the gel
¢ltration step. Most of the material was prepared in
thoroughly degassed bu¡ers and immediately used
for the ultracentrifuge study. In these samples the
protein was a mixture of monomers, dimers and tet-
ramers (‘state a’) [6,17]. In the ultracentrifuge cell,
initial band 3 concentrations around 200 Wg/ml led
to a distribution (monomer:dimer:tetramer, aver-
aged over the sample volume) of approximately
25:60:15% (w/w) (present data and [17]). Other sam-
ples were stored for 2^3 days in non-degassed bu¡ers
and in the absence of reducing agents; they con-
tained a mixture of non-covalent stable dimers and
some stable tetramers of band 3 (‘state b’) [6,16].
Stable band 3 dimers were also prepared by cova-
lently crosslinking the puri¢ed protein via disul¢de
bridges, applying CuSO4/o-phenanthroline as cata-
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lyst [20,42] (‘state c’). For most applications ‘state b’
and ‘state c’ dimers were separated from stable tet-
ramers by gel ¢ltration on Sephacryl S-300 [16].
GAPDH and aldolase, both from rabbit muscle,
were purchased (as ammonium sulfate precipitates)
from Boehringer Mannheim. They were dialyzed
overnight against the required bu¡er, after having
been diluted by the same bu¡er to a concentration
of 0.5^1.5 mg/ml. For dye-labelling of GAPDH, the
bu¡er was 50 mM Na2CO3/NaHCO3 (pH 9.5), 50
mM NaCl, 1 mM EDTA, 0.1% C12E9. To this sam-
ple, a nearly saturated solution (approximately 14
mg/ml) of £uorescein-5-isothiocyanate (FITC;
Roth, Karlsruhe, Germany) in 0.5 M Na2CO3/
NaHCO3 (pH 9.5) was added, up to a FITC/enzyme
weight ratio of 0.5^1.0. The mixture was incubated,
under gentle agitation, for 3 h at room temperature.
Afterwards, unreacted dye was removed by dialysis
(overnight) against the bu¡er used in the ultracentri-
fuge experiments. Except for the labelling procedure,
temperature was 3^5‡C.
The concentrations of the proteins were deter-
mined photometrically, using published extinction
coe⁄cients A1 cm (280 nm) for solutions containing
1 mg protein per ml: 1.00 for band 3 [5], 1.03 for
GAPDH [43], and 0.938 for aldolase [44]. With
FITC-labelled GAPDH, the measured absorbance
was corrected for the contribution of the dye (which
amounted, at 280 nm, to approximately 25% of the
absorbance at 497 nm). The ¢gure used for the molar
extinction coe⁄cient of FITC was 73 000 M31 cm31
[45]. The absorbance ratio A497/A280 of the FITC^
GAPDH was in the range of 0.9^1.7. From these
¢gures, the average number of FITC molecules
bound per GAPDH tetramer is found to be 2.3^6.0.
The enzymatic activities of unlabelled and FITC-
labelled GAPDH were compared by photometrically
measuring the rate of NAD reduction [46,47].
Standard reagents were purchased from Merck
(Darmstadt, Germany), Roth (Karlsruhe, Germany),
or Sigma (Deisenhofen, Germany) and were of p.a.
quality (if available).
2.2. Analytical ultracentrifugation
Sedimentation equilibrium and sedimentation ve-
locity experiments used a Beckman Optima XL-A
analytical ultracentrifuge, in connection with an
An-50 Ti or An-60 Ti rotor and 12 mm Epon 6-
channel or double sector centerpieces. Rotor speed
was between 6000 and 8000 rpm in the sedimentation
equilibrium and 40 000 rpm in the sedimentation ve-
locity runs. Rotor temperature was 4‡C. Sample vol-
ume was 135 Wl (sedimentation equilibrium runs) or
400 Wl (sedimentation velocity runs). The absorbance
versus radius data, A(r) or A(r,t), were collected at
497 nm for samples containing FITC^GAPDH and
at 280 nm for unlabelled GAPDH and for controls
on the state of the band 3 samples. Protein concen-
trations in the ultracentrifuge cell were independently
adjusted to 80^360 Wg/ml for band 3, 90^510 Wg/ml
for GAPDH and 80^620 Wg/ml for aldolase. If not
stated otherwise, the bu¡er used was 10 mM sodium
phosphate (pH 7.5), 0.2% (w/w) C12E9. The experi-
ments and evaluations followed the strategies for un-
ravelling heterologous protein^protein associations
reviewed in [37] and applied by us several-fold [15^
17]. The evaluations used the following values for the
e¡ective molar masses Meff = M(13vbo) of the pro-
teins studied: Meff = 32 200 for the band 3 protomer/
detergent complex [17], 37 700 for tetrameric
GAPDH (based on M = 35 700 g/mol for the proto-
mer [48], a partial speci¢c volume v of 0.730 mg/ml
[43], and a (mean) solvent density bo of 1.008 g/ml),
and 41 500 for tetrameric aldolase (based on
M = 39 300 g/mol [49] and v = 0.730 ml/g (from [50]
after correcting for temperature [51])). Since the ab-
sorbance increase during the runs resulting from the
oxidation of dithiothreitol cannot be controlled, the
reference cell contained water only. Baseline determi-
nation was performed as described earlier [16].
3. Results
3.1. The state of association of FITC-labelled and
unlabelled GAPDH is identical
In sedimentation equilibrium experiments, the A(r)
pro¢les for both the unlabelled and the FITC-la-
belled GAPDH could be ¢tted by a single exponen-
tial, indicating homogeneity of the particle mass. The
resulting e¡ective molar masses, Meff = M(13vbo),
were 38 100 þ 500 for both the unlabelled and the
dye-labelled protein and thus agreed, within the ex-
perimental error, with the ¢gure calculated for the
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GAPDH tetramer (see above). Our data thus dis-
agree with those of Ovadi et al. [52,53] reporting
self-association of tetrameric FITC^GAPDH but
agree with others on the unlabelled enzyme
[43,54,55]. It follows that the FITC-labelling applied
by us does not disturb the enzyme’s native quater-
nary structure. In agreement with [53], measurements
of the rate of NAD reduction by unlabelled and
labelled GAPDH showed that FITC-labelling also
does not signi¢cantly impair the enzyme’s activity.
3.2. The sole or predominant binding site for
FITC^GAPDH is the band 3 tetramer
In 10 mM sodium phosphate (pH 7.5), 0.2%
C12E9, A(r) pro¢les from sedimentation equilibrium
runs on mixtures of band 3 and the dye-labelled en-
zyme showed the presence of particles larger than the
band 3 tetramer. This indicates the formation of het-
erologous complexes. When A(r) was measured at
497 nm, the nature of the complexes could be unrav-
elled, the simplest results being obtained at relatively
low abundance of GAPDH:
1. At band 3/enzyme weight ratios above 1.5, all
curves could be perfectly ¢tted by only two terms:
a term for the free enzyme and a second one for a
complex characterized by Mceff = 166 500 g/mol,
i.e. the e¡ective molar mass of a complex com-
posed of four band 3 molecules and one GAPDH
tetramer. They could not be ¢tted by using the
Mceff of complexes containing one or two band
3 protomers (Fig. 1). This ¢nding strongly sug-
gests that the band 3 tetramer represents the sole
or at least the predominant binding site for
GAPDH. The conclusion was supported by con-
secutive ¢ts in which Mceff was varied: The opti-
Fig. 1. (A) Sedimentation equilibrium analysis on mixtures of
FITC^GAPDH and band 3 at low GAPDH/band 3 ratio: ex-
perimental absorbance values A(r) at 497 nm, curve ¢tted to
them assuming the presence of free enzyme and a complex of
one GAPDH tetramer and four band 3 protomers (straight
line), and calculated contributions to A(r) of the free enzyme
(dashed line) and of the complex (dotted line). (B) Residuals of
the ¢t. Protein concentrations: 190 Wg/ml (GAPDH) and 310
Wg/ml (band 3). Bu¡er: 10 mM sodium phosphate (pH 7.5),
0.2% C12E9. Rotor speed: 8000 rpm.
Fig. 2. An extension of the analysis of Fig. 1: dependency of
the sum of the squared residuals of the ¢t, c, on the e¡ective
molar mass of the assumed complex, Mceff . The arrows indicate
the calculated e¡ective molar masses of complexes made up of
one GAPDH tetramer and a band 3 monomer, dimer, and tet-
ramer, respectively.
Fig. 3. Allowing for additional complexes: e¡ect on c of the
consideration, in the ¢ts to the data of Fig. 1, of ¢xed amounts
of complexes consisting of a GAPDH tetramer and either a
band 3 monomer (dashed line) or dimer (straight line).
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mum Mceff found was 161 000 g/mol and thus
close to the ¢gure applied above (Fig. 2).
2. The lack of signi¢cant contributions of complexes
containing, apart from one GAPDH tetramer, a
band 3 monomer or dimer was indicated by ¢ts
using, besides the two terms applied above, a term
representing a ¢xed amount of the respective
smaller complex [15^17,37]: the quality of the
¢ts progressively deteriorated with increasing
amount of the added complex, as demonstrated
by the increase in the sum of the squared residuals
(Fig. 3). Thus, at maximum a few percent of the
complexed enzyme may be bound to band 3
monomers or dimers.
In the erythrocyte membrane, the band 3/GAPDH
association is strongly dependent on pH and ionic
strength I [21,22,27]. We have studied whether the
in£uence of both parameters is mimicked in our sys-
tem and whether the qualitative results described for
pH 7.5 and 10 mM phosphate are valid also under
other experimental conditions. We found that at pH
7.0 and 8.0 the results were qualitatively the same as
at pH 7.5: the band 3 tetramer was the sole or by far
the most predominant GAPDH binding site. How-
ever, the relative amount of band 3-bound GAPDH
distinctly decreased with increasing pH, as in the
native system [21,22,27]. Analogously, increasing
the phosphate concentration, at pH 7.5, up to 100
mM led to a gradual decrease in the percentage of
the bound GAPDH, with virtually no detectable
complex at the highest phosphate concentration.
Complex stoichiometry, however, was the same as
at 10 mM phosphate.
As in our previous studies on the binding of an-
kyrin and of aldolase to band 3 [13,16], there is an
alternative way of ¢tting the experimental A(r) data
(though with slightly inferior quality of the ¢ts). In
this alternative model it is assumed that the stoichi-
ometry of the complex is, instead of 4:1 (band 3
protomers/GAPDH tetramers), 2:2. Two of the cri-
teria used previously to discriminate between the dif-
ferent stoichiometries [13,16] were applied also to the
present data: (1) at very high band 3/GAPDH ratio,
the 2:2 complex should be accompanied by a 2:1
complex; this complex could, however, not be de-
tected. (2) Since there is only a single binding site
for the GAPDH tetramer per band 3 protomer
[1,2,20,21], the 2:2 complex should be the largest
one occurring (with a possible exception at high
band 3 concentrations where the formation of 4:4
complexes via further association of band 3 could
be favored). This was found not to be the case (see
below).
In sedimentation velocity experiments, the sample
did not show separate boundaries which could be
correlated to the free enzyme (s20;w = 7.05) and the
complex. Instead, an ill-de¢ned broad boundary
with an approximate average s20;w value of 10^14 S
was observed. As was already described for other
heterologous complexes of band 3 [13,15^17], this
indicates that the band 3/GAPDH complex is unsta-
ble on the time scale of the experiment. However, it
is more stable than at least the complexes involving
aldolase and band 4.1, as indicated by its larger s
value.
3.3. The band 3 tetramer can bind up to four
tetramers of FITC^GAPDH
Using band 3/GAPDH mixtures of higher enzyme
content than above, the quality of the ¢ts to the A(r)
data analogous to that of Fig. 1 deteriorated with
Fig. 4. Increase in Mceff at higher abundancy of GAPDH: de-
pendency of c on the assumed Mceff , in two-component ¢ts to
data collected at di¡erent GAPDH/band 3 weight ratios. The
vertical lines indicate the calculated Mceff values of complexes
of the band 3 tetramer and one to four GAPDH tetramers.
Protein concentrations: 180 Wg/ml GAPDH, 330 Wg/ml band 3
(straight line); 210 Wg/ml GAPDH, 240 Wg/ml band 3 (dashed
line) ; 520 Wg/ml GAPDH, 180 Wg/ml band 3 (dashed/dotted
line). Rotor speed was 8000 rpm.
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increasing enzyme content, in particular at r values
near the cell bottom. Calculations of the type shown
in Fig. 2 indicated that higher complex masses were
required to ¢t the data. The maximum values for
Mceff obtained were close to that for a complex of
the band 3 tetramer and four GAPDH tetramers.
Intermediate values were found for intermediate
GAPDH concentrations (Fig. 4). Qualitatively simi-
lar results were obtained at higher phosphate concen-
trations (980 mM), the average complex mass being
increasingly shifted, however, towards that of the 4:1
complex.
The increase in Mceff with increasing enzyme con-
centration was observed both at the lowest and the
highest band 3 concentrations applied. Thus, it is not
the consequence of an association, via band 3, of 2:2
complexes (band 3 protomers/GAPDH tetramers)
but of consecutive binding of up to four GAPDH
tetramers to band 3 tetramers. These ¢ndings are
analogous to those reported with the ligand proteins
hemoglobin, aldolase and band 4.1 [15^17] but di¡er
from those found for the band 3/ankyrin complex
where the band 3 tetramer binds only one ankyrin
molecule ([19] and Doelle, F., Mayer, G. and Schu-
bert, D., manuscript in preparation).
The ease by which the 4:1 complex, the 4:4 com-
plex (band 3 protomers/GAPDH tetramers), or com-
plexes of intermediate size could be found under a
variety of conditions argues against a pronounced
positive or negative cooperativity of GAPDH bind-
ing. The same holds for aldolase binding to band 3
[16].
3.4. Unlabelled and FITC-labelled GAPDH compete
for binding to the band 3 tetramer
Using the same experimental conditions as above,
part of the FITC^GAPDH was substituted by unla-
belled enzyme. The e¡ective complex mass Mceff , as
determined from A(r) data collected at 497 nm, re-
mained unchanged, as well as the relative contribu-
tion of the complex to the total absorbance. On the
other hand, addition of unlabelled GAPDH at a
¢xed concentration of labelled enzyme and band 3
reduced the percentage of dye label associated with
the complex (in addition, at low GAPDH/band 3
ratios it led to an increase of Mceff ). For example,
in samples containing 140 Wg band 3 and 190 Wg
FITC^GAPDH per ml, the presence of 240 Wg/ml
or 470 Wg/ml unlabelled GAPDH led to a reduction
of the relative amount of complex-bound FITC^
GAPDH from 38% to 21% and 3%, respectively.
This shows that the native and the modi¢ed enzyme
compete for the same binding sites. Due to relatively
large limits of error in the determination of the rel-
ative amount of complex-bound dye, it remains un-
clear whether or not the a⁄nities of the two enzyme
preparations towards band 3 may di¡er. It is, how-
ever, apparent that, at least qualitatively, the binding
behavior of the FITC^GAPDH towards band 3 is
representative for the native enzyme.
3.5. Aldolase and FITC^GAPDH compete for binding
to the band 3 tetramer
Published data on competition between the glyco-
lytic enzymes for binding to band 3 are controversial,
in particular with respect to the combination aldo-
lase/GAPDH (see, e.g., [30,35,36] versus [24]). The
technique applied in the present paper allows an
easy and reliable access to solving this problem, by
studying mixtures which contain, besides band 3 and
FITC^GAPDH at ¢xed concentrations, varying con-
centrations of aldolase. Under all conditions tested:
at pH values of 7.0 and 8.0, ionic strengths between
5 and 50 mM, band 3 concentrations around 150 or
360 Wg/ml, and GAPDH concentrations of 110 or
490 Wg/ml, the relative amount of complex-bound
dye in the mixtures strongly decreased with increas-
ing aldolase/GAPDH ratio. Results obtained at both
low and high molar ratio of FITC^GAPDH and
band 3 (the latter granting, in the absence of aldo-
lase, nearly complete occupancy of the GAPDH
binding sites on band 3) are shown in Fig. 5. In
the latter experiments, the complex-bound dye is
found at virtually unchanged e¡ective average com-
plex mass Mceff (data not shown). Both data sets
demonstrate displacement of the labelled enzyme by
the aldolase and thus competition for binding to
band 3. In addition, the latter data show that binding
of aldolase to band 3 at sites independent of the
GAPDH binding sites, or to band 3-bound GAPDH
(and vice versa), does not occur. Consistent with this
conclusion we could not detect complex formation
between FITC^GAPDH and aldolase in the absence
of band 3, in agreement with [34,35] but in contra-
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diction to [52,53]. In the experiments at low
GAPDH/band 3 ratios, higher aldolase/GAPDH ra-
tios were required for displacing FITC^GAPDH
from the complexes. In addition, an increase in
Mceff was observed (see below).
3.6. Aldolase and FITC^GAPDH can bind
simultaneously to the band 3 tetramer
3.6.1. The problem
Given the numerous and con£icting reports on
multienzyme complexes bound to the erythrocyte
membrane (reviewed, e.g., in [1,3]) it appeared
worthwhile to determine whether, in the experiments
of Section 3.5, aldolase completely displaced
GAPDH from part of the band 3 tetramers but did
not bind to others, or whether mixed band
3/GAPDH/aldolase complexes were formed. Since,
due to the similarity of the molar masses of the
two enzymes, the complex composition cannot be
deduced from Mc, it had ¢rst to be clari¢ed whether
and how sedimentation equilibrium analysis could
solve the problem.
In case that mixed band 3/GAPDH/aldolase com-
plexes do not exist, binding of one aldolase tetramer
to the band 3 tetramer will have to displace all
GAPDH tetramers already bound. Thus, a dye-la-
belled complex would disappear from the solution.
On the other hand, the released GAPDH could bind
to other (free) band 3 tetramers or to preexisting
band 3/GAPDH complexes. Due to the ‘trapping’
of part of the band 3 tetramers in GAPDH-free
band 3/aldolase complexes, this e¡ect could, in addi-
tion, pro¢t from the decrease in the amount of band
3 available for binding GAPDH. Thus, an increase in
the measured Mc following the addition of aldolase
does not necessarily indicate the formation of ternary
band 3/GAPDH/aldolase complexes but could also
accompany the formation of GAPDH-free band
3/aldolase complexes, in a physically totally di¡erent
way. We have performed model calculations to ¢nd
out whether the dependency of Mc on the concen-
trations of the added aldolase could, nevertheless,
yield information on the types of complexes formed.
The calculations were done for low GAPDH/band 3
ratios only, equivalent to a large proportion of free
band 3 tetramers and 4:1 (band 3 protomers/
GAPDH tetramers) as the predominant complex sto-
ichiometry (at high ratios, the question raised cer-
tainly cannot be answered). Essentially, the method
of calculation applied represents textbook physical
biochemistry on binding phenomena governed by
the law of mass action (see, e.g., [56]), which was
adapted to serve the requirements of the present
study. A detailed description has been given else-
where [57]. In this paper, we will only describe the
crucial results.
3.6.2. Results of model calculations
Model I: simultaneous binding of GAPDH and
aldolase.
To simplify the calculations, two assumptions were
made:
1. The association constants governing the degree of
occupancy of the individual GAPDH and aldolase
binding sites, respectively, on the band 3 tetramer
are identical and independent (equivalent to a lack
of cooperativity of binding; this is supported by
the ¢ndings described in Section 3.3 and [16]). The
¢gures chosen were 2U106 M31 (GAPDH) [27,58]
and 106 M31 (aldolase) [27,59,60].
2. All band 3 molecules are in the form of tetramers
(other percentages could be used equally well).
Fig. 5. Competition between GAPDH and aldolase for binding
to band 3: dependency of the percentage of complex-bound
FITC^GAPDH on the concentration of added aldolase. The
concentration of GAPDH was 110 Wg/ml (E) and 490 Wg/ml
(b), that of band 3 was 360 Wg/ml (E) and 170 Wg/ml (b), re-
spectively. Bu¡er: 10 mM sodium phosphate (pH 7.5), 0.2%
C12E9. Rotor speed: 8000 rpm. The error bars include the con-
tributions due to the uncertainty of the bottom position of the
cell.
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The calculations showed that the added aldolase
was ¢rst bound virtually exclusively either to uncom-
plexed band 3 tetramers or to 4:1 complexes (band 3
protomers/GAPDH tetramers) of band 3 and
GAPDH. Under these conditions, displacement of
GAPDH from band 3 tetramers is a very rare event:
only one out of approximately 25 aldolase tetramers
bound to band 3 displaces a GAPDH tetramer. As a
consequence, Mc shows a marked increase with in-
creasing aldolase concentration. The error bars
(mainly determined by the shape of the parabola in
c(Mc) plots similar to Figs. 2 and 3 [61,62]) are small
enough not to obscure this e¡ect. At higher aldolase
levels, increasing displacement of GAPDH from its
binding site leads to a deterioration of the signal/
noise ratio of the A(r) data. As a consequence it
also leads to broader c(Mc) curves and thus to larger
uncertainties in Mc. This is shown by Fig. 6 (curve
a), where Mc is plotted versus the ‘aldolase binding
function’ rA, which represents the fraction of aldo-
lase binding sites on the band 3 tetramer that are
occupied.
Model II: separate band 3/GAPDH and band
3/aldolase complexes.
In this model, binding of one aldolase tetramer to
a band 3/GAPDH complex will displace all bound
GAPDH from its binding sites. As previously stated,
the displaced GAPDH may form complexes with
free band 3 tetramer, or bind to preexisting band
3/GAPDH complexes. At the same time, the concen-
tration of band 3 tetramers available for GAPDH
binding will decrease, which will favor the formation
of complexes containing more than one GAPDH
tetramer. According to the calculations, the overall
e¡ect is a preferential disappearance of the 4:1 com-
plexes of band 3 and GAPDH, as compared to the
larger complexes, which will lead to an albeit small
increase in the observed Mc. Due to the strong re-
duction of all dye-labelled complexes, the experimen-
tal uncertainty in the determination of Mc will, how-
ever, drastically increase. This will completely
obscure the Mc increase (Fig. 6, curve b). Thus, de-
spite the slightly positive slope of the Mc versus al-
dolase supply curve, discrimination between the two
models should be easy.
The above results were obtained using a number of
simplifying assumptions. It was to be clari¢ed there-
fore whether they are valid in more general cases.
This was accomplished in part by simulations com-
parable to those described above, in part by qualita-
tive considerations. Concerning the association con-
stant for binding of GAPDH to band 3, the
calculations show, in agreement with intuition, that
the average molar mass and relative abundance of
band 3/GAPDH complex present at a certain enzyme
concentration would be changed. Thus, in order to
establish the desired starting mixture of free band 3
tetramers and 4:1 complexes of band 3 and GAPDH
(corresponding, in Fig. 6, to Mc(rA = 0)), a di¡erent
GAPDH concentration would have to be chosen.
Concerning the assumptions on the concentration
of band 3 tetramers and the association constants
for aldolase we note that the abscissa of Fig. 6 refers
to the average state of occupancy of the aldolase
binding sites on the band 3 tetramers (including the
aldolase-free fraction), rA. Thus, an incorrect ¢gure
for one of the parameters speci¢ed would lead to a
shift in the abscissa position considered but not to
changes in the shape of the curve. The relationship
between the experimental parameter accessible, total
aldolase concentration, and rA will in any case be
non-linear; consequently a comparison of experimen-
tal Mc data collected at di¡erent aldolase concentra-
tions with the curves of Fig. 6 will necessarily con-
sider qualitative aspects only. With respect to the
assumptions made on the lack of cooperativity in
Fig. 6. Calculated dependency of the molar mass Mc of FITC-
labelled complexes, in ternary systems band 3/FITC^GAPDH/
aldolase, on the fraction rA of aldolase binding sites on the
band 3 tetramer which are occupied. (a) Simultaneous binding
of both enzymes; (b) separate band 3/GAPDH and band 3/al-
dolase complexes. The error bars are based on the uncertainty
of the Mc determination from plots c(Mc), assuming typical
noise levels of the A(r) data.
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the binding of each of the enzymes to band 3 it
should be noted that a pronounced positive or neg-
ative cooperativity is ruled out by the results of Sec-
tion 3.3 and [16]. In addition, if band 3/GAPDH
complexes, in model I, showed an increased tendency
for binding aldolase (as compared to free band 3
tetramers), or if formation of a band 3/aldolase com-
plex favored GAPDH binding, curve a would have
shown a higher slope than in Fig. 6; in the opposite
cases the situation and thus the resulting curve would
become more similar to model II. This means that, in
any case, an experimentally signi¢cant and marked
increase in Mc with increasing aldolase concentration
would be compatible with model I only.
3.6.3. Simultaneous binding: experimental evidence
The experimentally accessible equivalent to Fig. 6
is a graph Mc versus total aldolase concentration, as
stated above. Data from three di¡erent series of ex-
periments, each of them using the same set of stock
solutions, are shown in Fig. 7 (part of the data are
from the same experiments as those in Fig. 5). The
error bars were derived from the respective c(Mc)
plots (analogous to Figs. 2 and 3) and correspond
to a 5% increase in c ; their asymmetry results from
that of c(Mc). It is obvious from the ¢gure that the
experimentally determined (average) Mc increases
with increasing aldolase supply and that, at least
for three of the data points, the increase in Mc is
statistically signi¢cant. According to the arguments
described above, this is evidence for the occurrence
of mixed band 3/GAPDH/aldolase complexes.
3.7. Stable band 3 dimers represent GAPDH binding
sites
The ‘state a’ band 3 samples applied in the experi-
ments described above and containing monomers,
dimers, and tetramers of the protein can easily be
converted largely or even completely into stable
dimers. This is achieved by incubation (due to the
action of highly reactive degradation products of
the polyether detergent [6,7,16,17] (‘state b’)), or al-
ternatively by crosslinking via S^S bridges [42] (‘state
c’). In previous studies our group has shown that
both types of stable dimers can bind hemoglobin
[15], aldolase [16], band 4.1 [17], and ankyrin ([13]
and Doelle, F., Mayer, G. and Schubert, D., manu-
script in preparation) at least as e¡ectively as the
‘state a’ tetramers, in contrast to the ‘state a’ dimers.
We have now performed analogous binding studies
with FITC^GAPDH as the ligand protein. A typical
result, using ‘type b’ band 3 dimers, is shown in Fig.
8. It is apparent from the ¢gure that the A(r) data
can be perfectly ¢tted assuming that the only dye-
labelled particles contributing to A(r) are free
GAPDH and 2:1 complexes (band 3 protomers/
Fig. 7. Dependency of the molar mass Mc of FITC-labelled
complexes, in ternary band 3/FITC^GAPDH/aldolase systems,
on aldolase concentration: experimental data. The concentra-
tion of band 3 was 360 Wg/ml, that of FITC^GAPDH 110 Wg/
ml. For other data see Fig. 5.
 
 
Fig. 8. Binding of GAPDH to stabilized band 3 dimers: (A) ex-
perimental A(r) data, ¢t to the data assuming that the only
dye-labelled particles present are the free enzyme and a complex
of one GAPDH tetramer and one band 3 dimer (straight line),
and calculated contributions of free GAPDH (dashed line) and
of complex (dotted line). (B) Residuals of the ¢t. Protein con-
centrations: 160 Wg/ml (GAPDH) and 330 Wg/ml (band 3). Ro-
tor speed: 7000 rpm.
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GAPDH tetramers). At higher abundancy of the li-
gand, (average) stoichiometries up to 2:2 were ob-
served. Analogous results were obtained using ‘type
c’ band 3 dimers (data not shown). Thus, stabilizing
the band 3 dimer confers to it the ability to bind
GAPDH. These results again demonstrate that deter-
gent-solubilized band 3 protein can occur in di¡erent
conformations, coupled with di¡erences in oligomer-
ic structure and binding properties [6,7,16^18]. As
emphasized earlier [6,7,18], we consider ‘state a’ as
the native one.
4. Discussion
In the ¢rst part of this paper, we have character-
ized the binding of GAPDH to band 3 protein in
detergent solution, with emphasis on the stoichiom-
etry of the complexes formed. The results are com-
pletely analogous to those obtained earlier, applying
the same methodology, on the binding to band 3 of
another glycolytic enzyme, aldolase [16]: (1) the band
3 tetramer is the sole or at least the by far predom-
inant GAPDH binding site, as compared to band 3
monomers or dimers. (2) The band 3 tetramer can
bind up to four GAPDH tetramers. (3) Stabilized
band 3 dimers can also e¡ectively bind GAPDH.
In view of the known similarities in the binding of
the two enzymes to the band 3 protein [1,3,23,58,63],
the results described are not surprising. On the other
hand, it is also well-known that the GAPDH and the
aldolase binding site on band 3 are not identical
[1,3,24], so the separate study on the GAPDH/band
3 system presented in this paper does not seem to be
needless. Above all, however, it represents the basis
for the subsequent experiments on competition be-
tween GAPDH and aldolase for binding to band 3
and on the existence of mixed band 3/GAPDH/aldo-
lase complexes. Two questions raised by our study
have been extensively discussed in an earlier report
[16] : (i) whether the results can be biologically rele-
vant and (ii) why the band 3 tetramer is distinguished
as a ligand binding site.
Each band 3 protomer possesses one binding site
for both GAPDH and aldolase tetramers
[1,3,20,30,58]. We have shown in this and in a pre-
vious paper [16] that these binding sites become func-
tional only when the protomers are arranged in a
tetrameric form (an exception is the case of stabilized
band 3 dimers which we consider as artefacts). The
relative locations of the two enzyme binding sites on
the band 3 tetramer and the question of competition
between the two enzymes for binding to band 3 are
controversial to some extent. Most published data
suggest at least a partial overlap of these sites. For
example, well-de¢ned fragments from the N-terminal
part of band 3 were found to displace completely
both enzymes from erythrocyte ghosts, although oth-
er fragments displaced aldolase only [23,63]. Analo-
gously, the interactions of the two enzymes with
ghosts were reported to be mutually inhibitory [30].
On the other hand, it has been shown that GAPDH
has a marked detrimental e¡ect on binding of aldo-
lase but the reverse is not true. In addition, the al-
dolase site was found to be denatured under condi-
tions which leave the GAPDH site nearly
unperturbed [24]. Our data clearly contradict the
claim that aldolase does not interfere with the bind-
ing of GAPDH to band 3 [24]; they are well com-
patible with the ¢ndings on mutual inhibition [30]. A
major question still remaining open is whether the
competition observed is really due to complete or
at least partial overlap of the GAPDH and the aldo-
lase binding site on band 3, or whether it is due to
allosteric interactions between non-overlapping sites.
The primary aim of the present study was to
search for mixed band 3/GAPDH/aldolase com-
plexes. Such aggregates could constitute the nucleus
of a glycolytic enzyme complex, as extensively dis-
cussed in the literature (e.g. [1,3,38^41]). We could
demonstrate that this putative ternary aggregate in
fact does exist, by this providing, for the ¢rst time, a
structural basis for the ‘glycolytic enzyme complex
hypothesis’ [1,3,38^41]. We would like to stress, how-
ever, that nevertheless we do not intend to advocate
this hypothesis since, in our opinion, the arguments
put forward against it are quite convincing [1]. In-
stead, we could imagine that, for the red cell, the
mixed aggregates detected simply represent a means
of storing or stabilizing the enzymes, as suggested by
Low [1].
In conclusion, we would like to comment on a
technical aspect concerning our studies on the ter-
nary band 3/GAPDH/aldolase aggregates (Section
3.6). It is evident from a comparison of Figs. 6 and
7 that, with the technique applied, a discrimination
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between the two models discussed touches the limits
of the technique’s potential. However, in our opinion
there is only one alternative technique which might
yield a clearer answer, namely £uorescence resonance
energy transfer between band 3-bound donor-la-
belled GAPDH and acceptor-labelled aldolase (or
vice versa). With this method, a simple qualitative
criterion ^ the detectability of energy transfer ^
would su⁄ce to prove the existence of the ternary
aggregate (but would not allow any conclusion on
its stoichiometry). However, the dimensions of the
cytoplasmic part of the aggregate: four times the
cytoplasmic domain of band 3 plus at least two dif-
ferent enzyme molecules, could be quite large (the
length of the cytoplasmic domain of band 3 is
thought to be approximately 250 Aî [1]). The distance
within a donor/acceptor pair on enzyme molecules
bound to di¡erent band 3 protomers could therefore
well exceed that range in which e¡ective energy
transfer can occur, up to approximately 100 Aî [64].
A failure to detect energy transfer would therefore
not necessarily mean that a ternary aggregate does
not exist. On the other hand, a positive result could
open the way towards more detailed studies on the
distances between the bound ligand enzymes. These
data could clarify whether another prerequisite for
an active band 3-based glycolytic enzyme complex
could be ful¢lled, i.e. a strong interaction between
the bound enzyme molecules by which the inactive
enzymes in binary band 3/enzyme complexes
[1,3,23,63] could possibly be converted into active
ones [1].
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